Introduction
The primary cilium is a ubiquitous eukaryotic organelle that plays vital roles in the development of mammals and in the etiology of diseases such as polycystic kidney disease and blindness. It is thought that primary cilia function as cellular antennae to monitor the extracellular environment and report this information back to the cell. This small organelle is composed of hundreds of proteins assembled onto a microtubule-based cytoskeleton that projects from the surface of the cell and is surrounded by an extension of the plasma membrane. Although contiguous with the plasma membrane, the ciliary membrane is unique, as cells have the ability to localize receptors and other membrane proteins specifically to this domain. This polarized distribution of proteins is required for the cilium to carry out its sensory function, but little is known about how the cell achieves this distribution.
To learn more about the mechanism of ciliary targeting of membrane proteins, we characterized the ciliary targeting sequence (CTS) in fibrocystin. Fibrocystin is the gene product of the human autosomal recessive polycystic kidney disease gene, PKHD1 (Onuchic et al., 2002; Ward et al., 2002) . Patients with defects in this gene develop severe cystic kidney disease along with defects in the lung, pancreas, and liver. Fibrocystin is a large (>4,000 residues), single-pass transmembrane protein that is predicted to be entirely extracellular except for a short 190 residue C-terminal tail. Fibrocystin has been localized to cilia and centrosomes in mammalian cells (Ward et al., 2003 (Ward et al., , 2006 Menezes et al., 2004; Wang et al., 2004; Zhang et al., 2004) , and a Chlamydomonas reinhardtii homologue was found in cilia (Pazour et al., 2005) .
Results and discussion

The cytoplasmic tail of fibrocystin contains a ciliary targeting signal
To understand how fibrocystin is targeted to cilia, we characterized its CTS. To date, CTSs have been identified in a small number of proteins, but comparison of these does not reveal common motifs. However, all are found in intracellular domains (Pazour and Bloodgood, 2008) . Thus, we reasoned that even though fibrocystin is large, it is mostly extracellular with only a short S ensory functions of primary cilia rely on ciliarylocalized membrane proteins, but little is known about how these receptors are targeted to the cilium. To further our understanding of this process, we dissected the ciliary targeting sequence (CTS) of fibrocystin, the human autosomal recessive polycystic kidney disease gene product. We show that the fibrocystin CTS is an 18-residue motif localized in the cytoplasmic tail. This motif is sufficient to target green fluorescent protein (GFP) to cilia of ciliated cells and targets GFP to lipid rafts if the cells are not ciliated. Rab8, but not several other Rabs implicated in ciliary assembly, binds to the CTS in a coimmunoprecipitation assay. Dominant-negative Rab8 interacts more strongly than wild-type or constitutively active Rab8, and coexpression of this dominant-negative mutant Rab8 blocks trafficking to the cilium. This suggests that the CTS functions by binding regulatory proteins like Rab8 to control trafficking through the endomembrane system and on to the cilium.
found in the endoplasmic reticulum. In nonciliated cells, JAF16 remains in the endoplasmic reticulum, whereas JAF99 is found throughout the cell in small punctate spots ( Fig. 1 A, a; and Fig. S1 ). These results indicate that a CTS is located within the C-terminal 193 residues of fibrocystin.
To determine which part of the cytoplasmic tail is responsible for ciliary targeting, we constructed a series of GFP fusions containing smaller portions of the tail and quantitated their ability to localize to cilia (Fig. 1, A and B ). This analysis indicated that 18 residues near the N-terminal end of the cytoplasmic tail were sufficient to target GFP to the cilium of ciliated cells or to punctate spots in nonciliated cells. The large size of fibrocystin prevented us from determining whether these residues are required for trafficking of native fibrocystin to cilia. Thus, it is currently unknown if this is the only CTS within the protein. If the GFP cytoplasmic tail, and this is the likely position of its CTS. To test this idea, we made two constructs fusing the C-terminal end of fibrocystin to reporter proteins (Fig. S1 A) . In the first (JAF16), we fused the C-terminal 503 residues of fibrocystin to a fragment of CD8. This construct contains the extracellular domain of CD8 fused to fibrocystin just before its membranespanning domain and is predicted to have the same membrane topology as native fibrocystin. CD8 is a well-characterized membrane protein often used in chimerics to identify targeting domains (Xia et al., 2001 ). In the second construct (JAF99), we fused the last 193 residues of fibrocystin to the C-terminal end of GFP. This construct lacks most of the predicted membranespanning residues but contains the entire cytoplasmic tail. After transfection into cells, both constructs can localize to cilia (Fig. 1 A, a; and Fig. S1 B) . In addition to cilia, JAF16 also is CTS-GFP-expressing cells were labeled with fluorescent cholera toxin B (Fig. 2 B) . Cholera toxin B binds GM1 gangliosides and is a marker for membrane domains enriched in these lipids. In nonciliated cells, there is strong colocalization between the CTS-GFP spots and the cholera toxin-binding sites (Fig. 2 B, a) . The colocalization is also observed if the cholera toxin is crosslinked with an antibody and then fixed (Fig. 2 B, b) . Cholera toxin B labels the cilium (Fig. 2 B, c) , confirming a previous report that this organelle is enriched in GM1 gangliosides (Janich and Corbeil, 2007) . SNAP25 has been reported to localize to cilia (Low et al., 1998) , but the lipid raft targeting sequence of SNAP25 was not sufficient to target GFP to cilia ( Fig. 2 B, d ), indicating that a lipid raft targeting sequence alone is not sufficient for ciliary targeting.
Cysteine residues near blocks of basic amino acids are often palmitoylated (Bijlmakers and Marsh, 2003) . The fibrocystin CTS contains three cysteine residues followed by a block of basic residues ( Fig. 2 A) , and mutational analysis indicated that these cysteines are critical to CTS function (Fig. 1 D) . To test whether the CTS cysteines are palmitoylated, we grew cells expressing either the wild-type or CCC-mutated GFP-CTS in radioactive palmitate, immunoprecipitated the GFP-CTS, and looked for the incorporation of isotope. The wild-type protein but not the CCCmutated version incorporated radioactive palmitate (Fig. 2 C) . This indicates that the CTS includes a palmitoylation motif, and because the mutation of the cysteines blocks function, this suggests that palmitoylation is important for targeting this protein to the cilia. Acylations like palmitoylation and myristoylation are common modifications of ciliary membrane proteins. The opsin photoreceptor contains two cysteine residues that are palmitoylated and needed for proper targeting to the cilium (Tam et al., 2000) . A Trypanosoma ciliary calcium-binding protein contains a palmitoylated cysteine and a myristoylated glycine fusion construct did not contain the 18-residue CTS, the GFP was distributed throughout the cell or concentrated in the nucleus. We did not carefully demarcate the nuclear targeting sequence, but the fusion containing residues 63-193 was able to efficiently concentrate in the nucleus, whereas the 40-68 fusion could localize to the nucleus but was also found in the cytoplasm. Other work also mapped a nuclear targeting sequence to the region between residues 80 and 104 (Hiesberger et al., 2006) .
Examination of the CTS in fibrocystins from other species indicates that it is highly conserved in mammals and moderately conserved in chicken ( Fig. 1 C) . The sequence is not conserved in the fibrocystin-related protein, fibrocystin-L from mammals, or other species. BLAST searches with the CTS did not identify any novel proteins containing similar sequences. The fibrocystin CTS does not contain a VxP motif that has been proposed to be a generic CTS (Deretic et al., 2005; Geng et al., 2006) nor does it contain an Ax[S/A]xQ motif identified in several G protein-coupled receptors (Berbari et al., 2008) . To further our understanding of the CTS, we used alanine-scanning mutagenesis to mutate small blocks of residues (Fig. 1, D and E) . Quantification of the effects of these mutations (Fig. 1 D) shows that most residues are important for function. The CCC and KTRK residues are most critical because mutating these to alanines almost completely blocks CTS function. At the other extreme, the LV mutation does little to the CTS function, whereas the other mutations reduce the ability to traffic to cilia but do not completely block function.
Although we did not detect any significant homology between the fibrocystin CTS and other nonfibrocystin sequences, we noted similarity between the CTS amino acid composition and a lipid raft targeting sequence in SNAP25 (Fig. 2 A ; Salaün et al., 2005) . This suggested that the punctuate spots to which the CTS localized might be lipid rafts. To test this, live where it was loaded (Fig. 2 D) . This indicates that the palmitoylated cysteines link the GFP-CTS to the membrane. Thus, even though the protein no longer contains a transmembrane domain, it remains associated with the membrane.
To understand the cellular compartment to which the GFP-CTS localized, we labeled cells expressing the GFP-CTS with a variety of compartmental markers (Fig. S2) . No significant colocalization was seen with Golgi, lysosome, and most endosome markers, but colocalization was seen with markers for the recycling endosome. This suggests that the palmitoylated GFP-CTS has affinity for the membranes of this compartment, but whether the native protein is trafficked through the recycling endosome remains to be determined.
Trafficking of the CTS is regulated by Rab8
Work in frog retina indicates that Rab8 plays a key role in trafficking of opsin to the outer segment (Moritz et al., 2001) , and recent work in mammalian cell culture has indicated that Rab8 and other Rab family proteins are critical for ciliary assembly (Nachury et al., 2007; Yoshimura et al., 2007) . To test whether Rab8 plays a role in the trafficking of the fibrocystin CTS, we generated cell lines expressing Flag-tagged wild-type Rab8, dominant-negative Rab8T22N, and constitutively active Rab8Q67L (Fig. 3) . These mutations are often used to perturb the GTP/ GDP cycle of small G proteins. The T22N mutation is thought to keep the protein in the GDP-bound state, which binds guanine exchange factors to inhibit their activity on native substrates. The Q67L mutation reduces GTP hydrolysis, keeping the protein in the GTP-bound state (Feig, 1999) . As previously reported (Nachury et al., 2007) , wild-type Flag-Rab8 and Flag-Rab8Q67L localized to cilia, whereas Flag-Rab8T22N did not localize to the cilia that formed on these cells (Fig. 3 A) . Cells expressing Flag-tagged wild-type Rab8 and Rab8Q67L ciliated fairly well, but cells expressing Rab8T22N did not ciliate nearly as well (wild type, 68 ± 12%; T22N, 2.7 ± 0.6%; Q67L, 46 ± 3.5%). The fibrocystin GFP-CTS did not traffic to the cilia that formed on the Flag-Rab8T22N cells (Fig. 3 , B and C) but was trafficked to cilia on cells expressing Flag-Rab8 and Flag-Rab8Q67L. Interestingly, the amount of the GFP-CTS trafficked to cilia was higher in cells that expressed the wild-type Flag-Rab8 than in cells that were not transfected or in cells expressing either of the mutant forms. This suggests that Rab8 is a limiting factor in the amount of GFP-CTS that can be trafficked to cilia. The observation that the mutant forms either do not show the enhancement (Q67N) or reduce the amount of trafficking (T22N) suggests that Rab8 needs the normal GTP/GDP cycle to function properly.
The CTS interacts with Rab8
Because Rab8 appeared to regulate the trafficking of the fibrocystin CTS, we sought to understand how this might be functioning and asked whether Rab8 or other Rabs could be physically connected to the CTS (Fig. 4) . To do this, we coexpressed the cytoplasmic tail of fibrocystin with a series of Rab proteins (Rab6, Rab8, Rab11, Rab17, and Rab23) that have been implicated in trafficking of ciliary membrane proteins (Deretic and Papermaster, 1993; Moritz et al., 2001; Yoshimura et al., 2007) . We also included IFT20, which is not a Rab protein, but is an intraflagellar (Godsel and Engman, 1999) that are needed for targeting to the cilium.
It is likely that the palmitoylated cysteines of fibrocystin serve to link the GFP-CTS to lipid membranes, and this is responsible for the puncta that are observed in nonciliated cells. The fact that the GFP-CTS is evenly distributed in the cells when the cysteines are mutated (Fig. 1 E) supports this idea, but we tested this more directly by floatation analysis. Membranes from cells expressing either wild-type or the CCC-mutated GFP-CTS were loaded on the bottom of an OptiPrep gradient and centrifuged. Membranes floated up and carried along the lipid raft marker flotillin-2. The wild-type GFP-CTS was also carried up, whereas the CCC-mutated protein remained at the bottom transport subunit that we have implicated in trafficking proteins to the ciliary membrane (Follit et al., 2006 (Follit et al., , 2008 . None of these proteins were completely colocalized with the GFP-CTS in nonciliated cells. However, Rab8 showed some colocalization, whereas Rab11 and Rab17 showed the most colocalization (Fig. S3 ). The colocalization with Rab11 and Rab17 is consistent with the results of the compartmental analysis (Fig. S2) , as these two G proteins localize to the recycling endosome (Zerial and McBride, 2001 ). Rab8 was the only one of these Rabs to localize to cilia (Fig. 3 B and not depicted) .
The ability of these proteins to interact with the GFP-CTS was tested by a coimmunoprecipitation assay. In this assay, the GFP-CTS was coexpressed with each of the Flag-tagged Rabs in mouse kidney cells. The Rabs were precipitated via the Flag tag, and the precipitates were probed for the GFP-CTS. No interaction was seen between the GFP-CTS and Rab6, Rab11, Rab17, Rab23, or IFT20, but a significant amount of the GFP-CTS was precipitated by Rab8 (Fig. 4 A) . This analysis was performed with the entire cytoplasmic tail, so we asked whether the Rab8-binding site overlapped the essential 18-residue CTS motif within the tail. To do this, we tested selected deletion constructs described in Fig. 1 B. The Rab8-binding site is located within the 18-residue minimal CTS, as fragments that contain this sequence are coprecipitated (Fig. 4 B, lanes 1, 3, and 5) , whereas the C-terminal 130 residue (Fig. 4 B, lane 2) , which does not target to cilia (Fig. 1, A and B) , is not precipitated. The CTS is not simply a Rab8-binding site, as deletions of single residues from either end of the minimal CTS blocked the ability of the peptide to direct GFP to the cilium (Fig. 1, A and B) but did not block the binding to Rab8 (Fig. 4 B, lanes 4 and 6) .
We next examined the effect of the alanine-scanning mutations on the ability of the CTS to be coprecipitated by Rab8. Interestingly, there is a good correlation between the function of the CTS to traffic to the cilium (Fig. 1 D) and its ability to bind to Rab8 (Fig. 4 C) . For example, the LV mutation does little to block function of the CTS, and this mutated protein binds Rab8. However, the CCC and KTRK mutations are most disruptive to the CTS and most significantly decrease binding to Rab8. Other mutations had intermediate effects on the targeting ability and have intermediate effects on the ability to bind Rab8. The KKS mutation is an exception, as this is fairly detrimental to CTS function but still binds to Rab8. This suggests that additional proteins may bind the CTS and require these residues for activity.
To begin to understand whether the interactions between the CTS and Rab8 may be regulated by the GTP/GDP state of Rab8, we compared the ability of the constitutively active and dominant-negative mutations of Rab8 to bind to the CTS (Fig. 4 D) . Interestingly, the dominant-negative form bound more CTS (B) The deletion constructs (Fig. 1 B) were tested for the ability to interact with Rab8. (C) The alanine scan mutations (Fig. 1 D) were examined for their ability to interact with Rab8. WT, wild type; CCC, LV, WF, KKS, KTRK, and IKP indicate which amino acids were mutated in each construct. (D) The ability of Rab8T22N and Rab8Q67L mutants to bind the GFP-CTS were compared with wild-type Rab8 in an analogous assay. Arrows mark the predicted size of the full-length proteins. IP, immunoprecipitation; *, nonspecific band precipitated by the Flag antibody.
with 5-GGGAATTCCTGAGCTGTCTCGTTTGCTG-3 and 5-GGGAATT-CTTACTGGATGGTTTCTGGTGG-3 and cloned into the EcoRI site of pEGFP-C2 (BD) to create pJAF99. This plasmid contains the last 193 amino acids of fibrocystin fused in frame to the C-terminal end of GFP. Deletion constructs were generated by similarly amplifying smaller fragments and cloning them into this vector. Point mutations were generated by inverse PCR. All plasmids were confirmed by DNA sequencing. Rab8, Rab8T22N, and Rab8Q67L were cloned into p3×FlagMyc-CMV26 (Sigma-Aldrich) for expression in mammalian cells.
Miscellaneous methods
All cell culture work used mouse kidney IMCD3 (Rauchman et al., 1993) cells cultured in 47.5% DME and 47.5% F12 supplemented with 5% FBS and penicillin/streptomycin (Cellgro) at 37°C in 5% CO 2 . For transfection, cells were electroporated using a Gene Pulser Xcell (200 V; 50-ms pulse; 4-mm cuvette; Bio-Rad Laboratories). Stable cell lines were selected with 400 µg/ml G418 (Sigma-Aldrich). Clonal lines were isolated by dilution cloning after drug selection.
Percent ciliation was determined by counting cilia on cells stained with an IFT27 antibody after being grown for 48 h in low serum (0.25%). Results reported are the percentage of cilia ± standard deviation from three independent experiments in which >500 cells were counted.
Endocytosis assays were performed on IMCD3 cells electroporated with JAF99 48 h after electroporation. Cells were washed with KRH (125 mM NaCl, 5 mM KCl, 1.3 mM CaCl 2 , 1.2 mM MgSO 4 , 25 mM Hepes, pH 7.4, 2 mM sodium pyruvate, and 0.5% bovine serum albumin), incubated with Alexa Fluor 568-labeled EGF or transferrin for 5 min at 37°C, washed with KRH, and incubated at 37°C in KRH (Leonard et al., 2008) . Coverslips were periodically removed and fixed during the chase period.
For visualization of lipid domains, live cells grown in glass-bottom dishes (MatTec) were incubated for 10 min at 37°C with Alexa Fluor 594-conjugated cholera toxin B (Invitrogen). Excess toxin was washed out, and the cells were imaged at 37°C in medium lacking Phenol red. Alternatively, cells were incubated for 10 min at 4°C with the cholera toxin followed by 15 additional min at 4°C with cholera toxin antibody before fixing and staining, following the manufacturer's specifications (Vybrant Lipid Raft Labeling kit; Invitrogen).
Lipids were floated using the protocol of Macdonald and Pike (2005) . In brief, cells were lysed by passing them through a needle, the postnuclear supernatant was mixed with OptiPrep (Sigma-Aldrich) to a final concentration of 25%, placed at the bottom of a centrifuge tube, and a gradient of 0-20% OptiPrep was layered on top. The gradient was centrifuged at 52,000 g for 90 min, and fractions were collected and analyzed by Western blotting.
To determine whether the CTS was palmitoylated, IMCD3 cells were electroporated with the wild-type (1-22) and equivalent cysteine-mutated GFP-CTS (1-22CCC) constructs. After 24 h, the medium was changed to one containing dialyzed serum (Invitrogen) supplemented with 0.25 mCi tritiated palmitate (PerkinElmer). After 16 h, cells were lysed, the GFP-CTS was precipitated with the JL8 GFP antibody (BD), and the eluates were separated by SDS-PAGE. The gel was fixed in 2:9:9 acetic acid/methanol/ water for 1 h followed by 1 M sodium salicylate for 30 min, dried, and exposed to film.
Immunoprecipitations were performed using anti-Flag resin. To do this, cells expressing the tagged constructs were rinsed with cold PBS lysed in cell lytic M + 0.1% NP-40 (Sigma-Aldrich) and 0.1% CHAPSO (Bio-Rad Laboratories) with Complete Protease Inhibitor (Roche) at 4°C and clarified by centrifugation (18,000 g for 10 min). Clarified lysates were incubated with agarose beads coupled with Flag M2 antibody (Sigma-Aldrich) for 1 h. Flag beads were washed three times with wash buffer (50 mM Tris and 150 mM NaCl, pH 7.4) plus 1% NP-40. Bound Flag proteins were eluted with 200 µg/ml 3× Flag peptide (SigmaAldrich). Purified proteins were separated by SDS-PAGE and electrophoretically transferred to Immobilon-P (Millipore). After transfer, the membranes were incubated with antibodies to GFP (JL8; BD) and Flag (F1804; Sigma-Aldrich) followed by an HRP-conjugated anti-mouse IgG antibody (Thermo Fisher Scientific). The HRP conjugates were detected on film (BioMax XAR; Kodak) after LumiGLO (KPL) treatment.
Immunofluorescence microscopy Cells were transfected by electroporation and seeded on coverslips. After 24 h, serum was reduced to 0.25% to promote ciliation, and the cells were grown for an additional 24-96 h before being fixed with paraformaldehyde and stained with primary antibodies as described previously (Follit et al., 2006) . Primary antibodies were detected by Alexa Fluor than either the wild-type protein or the constitutively active form. This suggests that exchange of a GDP with a GTP would release Rab8 from the CTS. This behavior is different from classical Rab effectors, which bind more strongly when bound to GTP (Zerial and McBride, 2001 ) but is similar to what was previously observed in the interaction between Rab5 and the angiotensin receptor (Seachrist et al., 2002) . In the case of the angiotensin receptor, it was proposed that the receptor anchors Rab5-GDP on the surface of the carrier vesicle so that once GTP is exchanged for GDP, efficient vesicle fusion could occur. Similarly, the fibrocystin CTS may bind Rab8-GDP to increase its local concentration to allow for efficient execution of the next step in transport when GTP exchange occurs. Based on work in frog photoreceptors, it is likely that the regulated step is the fusion of carrier vesicles at the base of the cilium, as expression of dominantnegative Rab8 mutants caused small vesicles to accumulate around the base of photoreceptors (Moritz et al., 2001 ). This process may be regulated by the BBSome, as the guanine exchange factor Rabin8 is associated with the BBSome, and this protein would be expected to exchange GDP with a GTP on Rab8 (Nachury et al., 2007) .
Comparison of ciliary targeting to apical and basolateral targeting
Compared with trafficking to the ciliary membrane, much more is known about trafficking to apical and basal-lateral membranes (Rodriguez-Boulan et al., 2005) . Basolateral targeting sequences consist of short motifs that interact with the adaptor protein complexes that bind to clathrin coats as part of the sorting mechanism. Apical targeting motifs are much more diverse and do not share significant sequence homology with each other but have been proposed to function by directing proteins to lipid rafts that are preferentially sorted to the apical membrane (van Meer and Simons, 1988) . Ciliary targeting is similar to apical targeting in that no sequence similarity is seen between the known CTSs (Pazour and Bloodgood, 2008) , and at least for fibrocystin and the Trypanosoma calcium-binding protein (Tyler et al., 2009) , association with a lipid raft appears to be required for proper targeting. Thus, it appears that ciliary targeting is related to apical targeting but has additional components to direct the proteins into the ciliary membrane. It is interesting to note that on vertebrate epithelial cells, the ciliary membrane is a subdomain of the apical membrane, so perhaps it is logical that trafficking to these two domains share similar features.
Materials and methods
Plasmids
The cytoplasmic tail of mouse fibrocystin (GenBank/EMBL/DDBJ accession no. NM_153179.2) was amplified from mouse kidney cDNA using 5-GGGAATTCGCTTTGACTGTGACATTTTCAGTCCTAG-3 and 5-GGGAATTCTTACTGGATGGTTTCTGGTGG-3 and fused to the CD8 open reading frame to create JAF16. The CD8 open reading frame was amplified from pCMS-CD8-NR1C (provided by H. Xia, Stanford University, Palo Alto, CA; Xia et al., 2001) . JAF16 contains the last 503 residues of fibrocystin fused in frame to the CD8 extracellular domain. The fusion junction reads LDFACDefALTVTF, with the first six residues being derived from CD8, the last six from MmPKHD1, and the two in the middle from the restriction enzyme site. Likewise, mouse kidney cDNA was amplified
